Local application of low temperatures for medical therapy has been used for centuries and is documented as far back as Hippocrates in 460 B.C., when he described the use of cold for its analgesic and anti-inflammatory properties.[@b1] Advancements in cryosurgical technology since then have allowed for the use of much colder temperatures, which, when applied directly to cells, can induce apoptotic cell death (with temperatures in the range of −5° to −15°C) or necrotic cell death at lower than −20°C.[@b2],[@b3] A significant difference between peripheral nerves and most cell types is that the application of freezing temperatures to the nerve axon causes axonal degeneration distal to the treatment site, whereas the proximal portion of the axon and the nerve body remain viable. With this unique feature, peripheral nerve has the ability to regenerate its axon. In addition, freezing temperatures do not disrupt the acellular epineurial or perineurial structures, which are important for support of axonal growth.[@b4] The use of freezing temperatures on sensory nerves, known as cryoanalgesia, has been practiced with good success for pain management,[@b5] and the ability to treat within specific temperature ranges has enabled treatment of motor nerves as well, a method known as cryoneuromodulation. Cryoanalgesia has been used with reasonably good success in the medical field since the mid-1970s,[@b6],[@b7] with reports of functional recovery and axon regeneration rates of about 1--4 mm/day.[@b5],[@b8] Although sensory and motor nerves differ in physiological function, they have very similar capabilities for axon regeneration.[@b9]

Focused cold therapy (FCT) is the direct application of low temperatures to inhibit signaling of peripheral nerves. Temporary inactivation of the nerve begins near +10°C, whereas temperatures slightly colder than −5°C can produce a conduction block lasting from several hours to days.[@b10],[@b11] This temporary conduction block is believed to be due to disruption of the channels and/or pumps involved in transfer of sodium and potassium ions across the cell membrane. FCT on motor nerves at colder temperatures (∼−20°C and below) leads to axonal and myelin degeneration, also known as Wallerian degeneration.[@b12] This is in contrast to more traumatic nerve injuries, such as transection and thermal heat lesioning, which disrupt structural proteins and can lead to neuroma formation.[@b12] In the case of FCT, the epineurium and perineurium resist freeze damage, which allows the structural scaffold to remain intact. This allows normal axonal regeneration and remyelination to occur.[@b7]

Research into the behavioral, electrophysiological, and pathological recovery of peripheral nerves after cryogenic injury has been conducted in a variety of animal models.[@b13]--[@b15] Historical data has indicated that peripheral nerves recover their structure and function within months of direct contact with a cryoprobe, delivering temperatures as cold as −120°C.[@b16],[@b17] Still, as this body of data concerns primarily sensory nerves, there is a distinct need for more studies to identify the effects of FCT on peripheral motor nerves.

In this study we compare the long-term effects of a single treatment versus 3 repeat treatments at 2-month intervals. Use of FCT on motor nerves can potentially be employed for various medical conditions, including movement disorders, muscle spasms, muscle hyperactivity, and/or any condition in which reduced muscle movement is desired. Proof-of-concept studies are currently underway to explore potential application of this technology for upper limb spasticity.

Methods
=======

Animal Model
------------

Studies were performed at ISIS Services (San Carlos, California), and the study protocol was approved by the ISIS Institutional Animal Care and Use Committee. ISIS staff were trained by Myoscience staff to support the surgical procedure and perform the physiological evaluation. Study treatment was performed by Myoscience staff. Assessments were performed by 2 independent reviewers (ISIS personnel trained by Myoscience) who were blinded to the study and each other. Data analysis and study design were performed by Myoscience staff. Study design and data analysis were performed by Myoscience staff. Ninety female Sprague-Dawley rats, aged 12 weeks and weighing 215−308 g, were used in this study.[@b18] Animals were divided randomly into 3 treatment groups. Group A animals were sham and untreated negative controls (*n* = 24). Group B animals received a single treatment in a randomly selected hindlimb (*n* = 26). Group C animals received a total of 3 treatments to a randomly selected hindlimb at 8-week intervals (*n* = 38). Previous unpublished studies from our laboratory have shown that muscle function of animals recovers to nearly normal by 8 weeks.

Animals were housed 2 to a cage with standard chow and water available *ad libitum*. Housing was maintained on a 12-hour light cycle for the duration of the study.

Focused Cold Therapy
--------------------

Animals were anesthetized using isoflurane at 2−4% with 2.5 L/min oxygen delivered in an induction chamber. The treatment leg was selected randomly, while the contralateral limb was left as an untreated control. Under aseptic conditions, the sciatic nerve was accessed surgically through the thigh, targeting the trifurcation of the sciatic nerve. A Cryo-Touch III device (Myoscience, Inc., Redwood City, California) was used to deliver a 60-second treatment to the sciatic nerve proximal to its trifurcation into the tibial, sural, and fibular nerves. The cryoprobe configuration consisted of a linear array of 3 equally spaced stainless-steel needles, 27G × 6-mm in length. The delivery temperature of −54.9 ± 6.2°C was monitored with a type T bifilar (0.0015-in. diameter) thermocouple wire soldered to the tip of the probe. After treatment delivery, the cryoprobe was removed, and the incision was closed using the standard 2-layer technique. The animal was allowed to recover from anesthesia and then returned to its standard housing.

Physiological Toe Spread Assessment
-----------------------------------

Physiological toe spread was assessed twice weekly up to 224 days after the start of the study. Assessments were performed by 2 independent reviewers (ISIS personnel trained by Myoscience, Inc.) who were blinded to the study and each other. A modified toe spread test was performed to determine change in muscle function.[@b19] Toe spread was determined by lifting the rat by the base of the tail with the legs hanging freely. The toe spread reflex was observed with the following ratings: normal reflex with all toes spreading out received a score of 0; weak reflex with some toes spreading apart partially received a score of 1; and lack of reflex with all toes clubbed together received a score of 2. Statistical significance was determined using single-factor analysis of variance (ANOVA).

Physiological Motor Function Assessment
---------------------------------------

Physiological motor function was also assessed at the same time as the toe spread assessment by the same blinded independent reviewers. They assessed the walking behavior of the animal and assigned a score as follows[@b20]: normal walking function received a score of 0; normal dorsiflexion ability while walking with curled toes received a 1; moderate dorsiflexion ability while walking with curled toes received a 2; and no dorsiflexion ability while walking with curled toes received a 3. Statistical significance was determined using single-factor ANOVA.

Histological Assessment
-----------------------

Animals were killed at 1, 8, 16, 24, 32, 40, and 48 weeks after final treatment. Hindlimb nerves were harvested *en bloc* with the surrounding tissue and immersed in 10% buffered formalin. After fixation, the tissues were trimmed at approximately 1-mm intervals and processed by standard formalin-fixed paraffin-embedded slide preparation. Slides were stained by standard hematoxylin and eosin (H&E) staining. Slides were assessed and scored by a board-certified veterinary pathologist blinded to the study under standard light microscopy with a digital capture camera (Olympus; Tokyo, Japan). Injury to tissue was scored on a 1−4 scale where: 1 = minimal (0--25% of cells affected); 2 = mild (25--50% affected); 3 = moderate (50--75% affected); and 4 = severe (75--100% affected).

Immunofluorescence Staining
---------------------------

Immunofluorescence was performed on unstained formalin-fixed paraffin-embedded slides. Slides were first deparaffinized through standard xylene wash followed by standard rehydration. Antigen retrieval was performed in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6.0) at 95°−100°C for 10 minutes. Samples were blocked in 1% bovine serum albumin (BSA) in 1× phosphate-buffered saline (PBS) with 0.05% Tween-20. Serial antibody staining was performed with S-100 (AB941; Chemicon; 1:60) primary antibody and Alexa Fluor 546 goat anti-rabbit (A-11010; Life Technologies; 1:1000) secondary antibody, followed by neurofilament (sc-58561; Santa Cruz Biotechnologies; 1:60) primary antibody and Alexa Fluor 488 goat anti-mouse (A-11001; Life Technologies; 1:1000) secondary antibody. All antibody steps were diluted in 1× PBS and performed for 1 hour at room temperature. Nuclei were stained with DAPI at 1:1000 dilution of 1× PBS for 10 minutes. Slides were imaged on a Zeiss Axioskop fluorescent microscope with associated Zeiss AxioVision software.

Results
=======

Physiological Weakening and Recovery after Single Cryotreatment
---------------------------------------------------------------

Group B animals received a single treatment at the start of the study and were followed for up to 32 weeks. The treated hindlimbs showed a significant (*P* \< 0.05) reduction in both toe splaying (score 1.6 ± 0.1) and motor function (score 1.5 ± 0.1) ability at 3 days after treatment, followed by a gradual recovery of ability ([Fig. 1](#fig01){ref-type="fig"}). Functional recovery was determined to be the point when the mean score of the treated limb was not significantly different from that of the untreated limb. The recovery of toe splay was determined to have occurred by 56 days posttreatment (*P* = 0.41 as compared with untreated), whereas motor function demonstrated recovery by 31 days posttreatment (*P* = 1 as compared with untreated; [Fig. 1](#fig01){ref-type="fig"}). There were no significant differences in physiological function between sham, naive, and contralateral untreated control animals.

![(A) Toe spread and (B) motor function assessment scores of single-treated versus untreated contralateral limbs. ^\*^Statistically significant (*P* \< 0.05) when compared with control hindlimb. All other points are not significant (*P* \> 0.05). Error bars represent mean ± SEM.](mus0051-0268-f1){#fig01}

Histology Assessment Following a Single Cryotreatment
-----------------------------------------------------

Treated nerves at the site of treatment and 1−2-mm intervals distal to the treatment were collected *en bloc* with the surrounding tissue at 1, 8, 16, 24, and 32 weeks posttreatment.

At 1 week posttreatment, the nerves showed marked acute to subacute and diffuse axonal degeneration and edema affecting the entire cross-section of nerve fascicles ([Fig. 2](#fig02){ref-type="fig"}A). Endoneural swelling with and without fragmented cellular debris was observed. The perineurium and epineurium remained intact architecturally. In addition, there was intense phagocytosis with concurrent endoneurial hypercellularity (Schwann cell proliferation). Wallerian degeneration of the axons was also observed in the tributaries distal to the treatment site.

![Samples of (A) 1-week, (B) 8-week, (C) 16-week, (D) 24-week, and (E) 32-week posttreatment H&E-stained cross-sections of single-treatment sciatic nerves. (F) Untreated controls are shown for comparison. Arrows indicate degenerated axons.](mus0051-0268-f2){#fig02}

At 8 weeks post-treatment, sections of the sciatic nerve and its tributaries continued to have approximately 50% axonal degeneration concurrent with areas that demonstrated regeneration of myelinated axons ([Fig. 2](#fig02){ref-type="fig"}B). Approximately 50% of the axons had sprouted within the endoneurium supported by the reactive Schwann cells. Phagocytic activity persisted throughout the affected regions.

At 16 weeks, the nerves in the single-treatment group continued to heal, with substantial cellular restoration as compared with healing at 8 weeks ([Fig. 2](#fig02){ref-type="fig"}C). Approximately 75% of the myelinated axons had regenerated, whereas phagocytic activity had subsided considerably with persisting Schwann cell proliferation.

By 24 and 32 weeks posttreatment, nerves had uninterrupted regeneration and were estimated to have near 100% axonal restoration ([Fig. 2](#fig02){ref-type="fig"}D and E). Remyelination was further confirmed with immunofluorescence double staining for neurofilaments (neuron) and S-100 (Schwann cells) ([Fig. 3](#fig03){ref-type="fig"}). Tissue hypercellularity was observed due to continued Schwann cell proliferation, whereas a few sites of slightly swollen axonal fibers were noted, suggesting delayed regeneration and/or axonal artifacts due to tissue orientation and plane of sectioning. Similar artifacts were also noted in untreated control nerve sections ([Fig. 2](#fig02){ref-type="fig"}F).

![Immunofluorescence staining for neurofilaments (green, neuron), S-100 (red, Schwann cell), and nuclei (blue, DAPI) of (A) untreated control, (B) 1-week, and (C) 32-week posttreatment for repeat-treated nerves. Arrows indicate myelinated neurons.](mus0051-0268-f3){#fig03}

Physiological Weakening and Recovery after Repeated Cryotreatment
-----------------------------------------------------------------

The animals in group C (repeat treatment; *n* = 38) received a total of 3 treatments at 8-week intervals. The treated hindlimbs showed a significant (*P* \< 0.05) reduction in both toe splaying and motor function ability after each treatment, followed by gradual recovery ([Fig. 4](#fig04){ref-type="fig"}A). Significant weakening in toe splay ability was observed consistently 3 days posttreatment with average toe spread scores of 1.7 ± 0.1 (*P* = 1.38 × 10^−34^), 1.8 ± 0.1 (*P* = 3.73 × 10^−40^), and 1.0 ± 0.03 (*P* = 3.35 × 10^−45^) after the first, second, and third treatments, respectively. Functional recovery of toe splay was determined to have occurred 56 days after the first and third treatments. Toe splay remained significantly different for the treated hindlimb after the second treatment during the recovery period of 56 days, reaching the time of the third treatment. Although function after the second treatment was not normal, the trend of the graph indicates that normal function was nearly complete.

![(A) Toe spread and (B) motor function assessment scores of repeat-treatment versus untreated contralateral limbs. ^\*^Statistically significant (*P* \< 0.05) when compared with control hindlimb. All other points are not significant (*P* \> 0.05). Error bars represent mean ± SEM.](mus0051-0268-f4){#fig04}

Motor function scores after the first, second, and third treatment were 1.0 ± 0.1 (*P* = 1.29 × 10^−11^), 1.7 ± 0.1 (*P* = 2.05 × 10^−26^), and 0.0 ± 0.1 (*P* = 0.16), respectively, at 3 days posttreatment ([Fig. 4](#fig04){ref-type="fig"}B). The average motor function scores, 1.1 ± 0.1 (*P* = 1.22 × 10^−21^), 1.0 ± 0.1 (*P* = 1.14 × 10^−10^), and 1.1 ± 0.1 (*P* = 6.80 × 10^−19^) were measured at 7 days after the first, second, and third treatments ([Fig. 4](#fig04){ref-type="fig"}B). Although hindlimb motor function was normal at 3 days after third treatment, the toe spread indicated weakening of distal muscle groups. In addition, the motor function demonstrated weakening at day 7 after the third treatment. Full recovery of motor function was determined to be 38, 38, and 35 days after first, second, and third treatments, respectively (recovery defined as the day when motor score becomes *P* \> 0.05 when compared with untreated limb). Motor function scores demonstrated a lesser degree and duration of weakening when compared with the toe spread assay.

Overlay of the repeated treatments shows similar weakening and recovery patterns of toe function and motor function ([Fig. 5](#fig05){ref-type="fig"}). Consistent patterns were observed with each successive treatment.

![Overlay of (A) toe spread and (B) motor function scores to compare weakening and recovery after first, second, and third treatment in the repeat-treatment group. Error bars represent mean ± SEM.](mus0051-0268-f5){#fig05}

Histologic Assessment of Peripheral Nerves Receiving Repeated Cryotreatments
----------------------------------------------------------------------------

Tissues were explanted and stained with H&E at 8, 16, 24, and 32 weeks after the third treatment. Similar to the results seen in the single-treatment group, the repeat-treatment group showed about 50% axonal degeneration in nerve cross-sections at 8 weeks posttreatment ([Fig. 6](#fig06){ref-type="fig"}A). Schwann cell activity within the endoneurium supported axonal regrowth. Hypercellularity and phagocytic activity were observed throughout the nerve cross-section.

![Samples of (A) 8-week, (B) 16-week, (C) 24-week, and (D) 32-week posttreatment H&E-stained cross-sections of repeat-treatment sciatic nerves. Samples were collected at the indicated time intervals after the third cryotreatment. Arrow indicates degenerated axon. Arrowheads indicate epineurial structure of the nerve.](mus0051-0268-f6){#fig06}

At 16 weeks after third treatment, the histology continued to be comparable to the single-treatment 16-week samples. Approximately 75% axonal regeneration was observed ([Fig. 6](#fig06){ref-type="fig"}B) with tissue hypercellularity, due to persistence of Schwann cell proliferation and phagocytic activity. A few populations of slightly swollen axonal fibers indicated continued axonal degeneration.

By 24 and 32 weeks after the third treatment, nerve sections showed significant axonal regeneration ([Fig. 6](#fig06){ref-type="fig"}C and D). Slight hypercellularity was observed, indicating continued Schwann cell activity.

Untreated control limbs showed results comparable to those in sham and naive control groups at all time-points.

Histology Assessment of Surrounding Tissue Post Single and Repeated Cryotreatment Groups
----------------------------------------------------------------------------------------

Tissues surrounding the treatment site were collected *en bloc* at 1 week posttreatment (single-treatment group only). Adipose tissue adjacent to the treatment site sustained a minimal degree of necrosis attended by a few macrophages and fibrocytes ([Fig. 2](#fig02){ref-type="fig"}A). Small arterioles in proximity to the treatment site had rare fibrinoid degeneration, whereas their lumens remained patent.

In addition, at 1 week posttreatment (single treatment group only), adjacent skeletal muscle fibers had a narrow band of minimal coagulative necrosis and cellular condensation, consistent with cold thermal damage from the periphery of the cold zone (refer to Figure S1 in Supplementary Material, available online). Thick linear tracks of muscle necrosis infiltrated by macrophages radiated outward from the treated sites, representing the initial surgical pathway. Distal muscle tissue, innervated by the treated nerves, showed no observable histological changes at any of the explant time-points. Skeletal muscle in the treated legs had normal structural similarity to untreated muscle in the control leg.

At 8−32 weeks posttreatment (single and repeat groups), blood vessels, fat tissue, and surrounding muscles appeared normal ([Figs. 2](#fig02){ref-type="fig"} and [6](#fig06){ref-type="fig"}).

Discussion
==========

The results demonstrate that FCT treatment of the rat sciatic nerve produces temporary interruption of hindlimb function. The interruption is associated with axonal degeneration at and distal to the treatment site. Physiological and histological data also show that the nerve is able to regenerate and allow for return of normal function after multiple treatments.

At 1 week posttreatment, physiological weakening is associated with histological evidence of axonal degeneration. When compared with the various negative controls, these results demonstrate that direct cryoprobe application to the nerve results in complete axonal degeneration while allowing the acellular nerve structure (epineurium and perineurium) to remain intact. Keeping the nerve structure intact plays a significant role in allowing for normal axonal regeneration to its original target site.[@b21] In contrast, disruption of the nerve structure via transection results in incomplete regeneration.[@b22]

The toe spread score comparison between single- and repeat-treatment groups resulted in consistent weakening followed by consistent recovery times, suggesting a consistent rate of nerve regeneration and functional reinnervation after each treatment. Motor function scoring was somewhat more variable. The single-treatment group demonstrated an earlier recovery to normal as compared with the first treatment in the retreatment group (31 vs. 38 days). The single- and repeat-treated groups reached a score of \<0.25 at 24 days and, therefore, any difference in recovery time is insignificant.

Due to the focused nature of this treatment, there is denervation in distal muscle groups, whereas proximal muscle groups of the hindlimb are not affected. With typical peripheral nerve injuries, the affected nerve does not undergo retrograde axonal degeneration.[@b23] The specificity of the treatment is reflected by the difference in weakening and recovery observed between the toe spread and motor function assays. The toe function assay measures the function of distal muscle groups, whereas the motor function assay measures both proximal and distal muscle groups, consistent with their locations relative to the treatment site. Although the motor function assay is less specific than the toe spread, it is a general indicator of the effect of weakening on total hindlimb function. In addition, the difference in toe spread and motor function assays demonstrates that the treatment is focused on the treated nerve and its target muscle groups, and the effect does not disperse to other hindlimb areas.

A change in motor function was observed 3 days posttreatment for the first 2 treatments, but it was not observed until 7 days after the third treatment. Given that there was not more resolution in the follow-up period (animals were not assessed at 4, 5, or 6 days posttreatment), it is possible that, after the third treatment, animals showed weakened motor function as early as 4 days post-treatment. However, the trend of motor function weakening after each treatment is the same over the recovery period, which suggests that this minor delay is of little significance to the outcome of the treatment.

The accumulation of any altered tissue can decrease the ability of the treated hindlimb to return to normal function. In particular, fibrosis of skeletal muscle or neuroma formation in the nerve may prevent recovery of normal motor movement of the hindlimb. However, histological analysis showed no fibrotic activity or scar tissue in the treated region at 32 weeks posttreatment (both single- and repeat-treatment groups) (see Fig. S2 in Supplementary Material, available online). In addition, the repeat treatment motor function and toe splay results showed repeatable weakening and recovery after each treatment. The results from that portion of the study demonstrate that the animals returned to normal function in a repeatable fashion, suggesting that the treatment did not alter any tissue structures. Further histological analyses of the repeat-treatment animals confirmed complete regeneration of all tissue in and around the treatment area. Finally, none of the animals from any treatment group exhibited a change of behavior or any complications due to treatment.

These findings have implications for any disorders involving involuntary muscle contractions. Blepharospasm, spasmodic dysphonia, upper limb spasticity, and lower limb spasticity are some examples of disorders that could be treated with FCT. Many movement disorders are currently treated using a neurotoxin, which, although effective in many instances, involves diffusion to unintended muscle groups owing to the use of high doses for larger tissue areas, such as upper limb spasticity.[@b24] Movement disorders are also treated by sclerosing the nerve, which is painful and can lead to damage of the surrounding structures, or by an intrathecal baclofen injection, which can produce systemic side effects. FCT, however, only treats the nerve that innervates the target muscle when directed with electrical nerve stimulation before treatment. In addition, FCT has no systemic side effects regardless of the size of the muscle affected.
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